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Abstract 
 
Controlled rate thermal analysis (CRTA) allows the separation of adsorbed and 
intercalated hydrazine. CRTA displays the presence of three different types of 
hydrogen-bonded hydrazine in the intercalation complex (a) adsorbed loosely bonded 
on the kaolinite structure fully expanded by hydrazine-hydrate and liberated between 
approx. 50 and 70°C (b) The second intercalated-hydrazine is lost between approx. 70 
and 85°C, (c) The third type of intercalated-hydrazine molecule is lost in the 85-
130°C range. CRTA at 70 °C enables the removal of hydrazine-water and results in 
the partial collapse of the hydrazine-intercalated kaolinite structure to form a 
hydrazine-intercalated kaolinite.  Removal of the adsorbed hydrazine enables the 
DRIFT spectra of the hydrazine-intercalation complex.  A band at 3626 cm-1 
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attributed to the inner surface hydroxyls of kaolinite hydrogen bonded to the 
hydrazine is observed.  The intercalation of hydrazine-hydrate into kaolinite is 
complex and results from the different types of surface interactions of the hydrazine 
with the kaolinite surfaces.   
 
Key words: hydrazine, infrared spectroscopy, intercalation, kaolinite, Raman   
   microscopy, X-ray diffraction 
 
 
Introduction 
 
 The interaction of kaolinite with hydrazine has been known for considerable 
time (1-10). This intercalation of hydrazine into kaolinite can be used to distinguish 
different types of kaolinite polytypes such as kaolinite and halloysite through the 
different rates of expansion.  Halloysite reacts more slowly with hydrazine and may 
take up to four hours before expansion occurs.  This distinction is related to the 
different surface morphology of the kaolinite, which is flat, and the halloysite, which 
may take on different morphologies, but the common one is rolled.  Part of this 
distinction may be attributed to the different ways in which the hydrazine molecule 
reacts with the kaolinite surfaces.  Kaolinite has several surfaces, which may bond 
with the hydrazine in different mechanisms.  Firstly kaolinite has both internal and 
external surfaces. Hydrazine chiefly adsorbs on the external surfaces.  The internal 
surfaces are composed of a siloxane layer consisting of linked silica tetrahedra and a 
gibbsite like layer with a hydroxyl surface.  The hydrazine may interact with the 
siloxane layer through hydrogen bonding of the hydrazine NH2 groups to the surface.  
Hydrazine may also bond to the kaolinite internal surfaces through the lone pair of 
electrons on the nitrogen of the hydrazine molecule (11-12). The insertion of the 
hydrazine molecules between the kaolinite internal surfaces is referred to as 
intercalation (7,8).  
 
One of the difficulties of using hydrazine is its highly hygroscopic nature and 
the fact that is obtained as a hydrazine hydrate.  Previous studies have shown that 
intercalation is kinetically faster if water is present (13).  Intercalation of hydrazine-
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hydrate into kaolinite increases the complexity of the molecular interaction between 
the kaolinite surfaces and the hydrazine.  Ledoux and White first reported the 
expansion of kaolinite from 7.2 Å to 10.4 Å upon intercalating hydrazine into the 
kaolinite structure (7). Mild heating resulted in deintercalation accompanied with the 
partial collapse of the structure to 9.4Å. Johnston and Stone showed the effect of 
evacuation on the kaolinite-hydrazine complex with the subsequent collapse of the 
structure from 10.4 Å to 9.6 Å (6,10).  Frost et al proposed a new model for hydrazine 
intercalation based on the insertion of a hydrazine-water unit  (12) The thermal 
behaviour of hydrazine-intercalated kaolinite shows a close similarity to that of the 
formamide-intercalated complex. In addition to the involvement of water in the 
intercalation process and in the structure of the complex, hydrazine is also liberated 
from the intercalated clay in two overlapping stages (13).  
 
The innovative technique of controlled rate thermal analysis allows the 
possibility to separate the adsorbed and intercalated molecules  (14,15). In this work 
we report a comprehensive study of the modification of kaolinite surfaces with 
hydrazine and the further modification of these surfaces through the controlled release 
of hydrazine/water through CRTA treatment.  Changes in the molecular structure of 
both the kaolinite and the inserting hydrazine molecule through this CRTA treatment 
are reported. 
 
Experimental  
 
Intercalation of kaolinite 
 
 The kaolinite used in this study is a low defect kaolinite from Királyhegy in 
Hungary. This mineral has been previously characterised both by X-ray diffraction 
and by Raman spectroscopy  (11,12). The kaolinite was purified through 
sedimentation and the 2-20 micra sized fraction was selected for intercalation. The 
intercalate was prepared by mixing 300 mg of the kaolinite with 5 cm3 of a 85% 
hydrazine hydrate aqueous solution for 80 hours at room temperature, magnetically 
stirred in a closed ampoule (13). The excess solution was decanted and the 
intercalated kaolinite was immediately subjected to spectroscopic analysis. 
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X-Ray Diffraction 
 
 XRD analyses were carried out on a Philips wide angle PW 1050/25 
vertical goniometer equipped with a graphite diffracted beam monochromator. The 
d-spacing and intensity measurements were improved by application of a self 
developed computer aided divergence slit system enabling constant sampling area 
irradiation (20 mm long) at any angle of incidence. The goniometer radius was 
enlarged from 173 to 204 mm.  The radiation applied was CuKα from a long fine 
focus Cu tube, operating at 40 kV and 40 mA.  The samples were measured at 50% 
relative humidity in stepscan mode with steps of 0.02° 2θ and a counting time of 
2s.  Relative humidity was controlled using a constant vapour pressure of water.  
Measured data were corrected with the Lorentz polarisation factor (for oriented 
specimens) and for their irradiated volume.   
 
Diffuse reflectance Fourier transform infrared spectroscopy (commonly 
known as DRIFT) analyses were undertaken using a Bio-Rad 60A spectrometer.  512 
scans were obtained at a resolution of 2 cm-1.  Spectroscopic manipulation such as 
baseline adjustment, smoothing and normalisation were performed using the 
Spectracalc software package GRAMS (Galactic Industries Corporation, NH, USA). 
Band component analysis was undertaken using the Jandel ‘Peakfit’ software 
package, which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-
Gaussian cross-product function with the minimum number of component bands used 
for the fitting process. The Gaussian-Lorentz ratio was maintained at values greater 
than 0.7 and fitting was undertaken until reproducible results were obtained with 
squared correlations of r2 greater than 0.995. 
 
Results and discussion 
 
Controlled Rate Thermal Analysis 
 
 The concept of controlled rate thermal analysis is to separate adsorbed 
molecules from intercalation molecules.  Thermal analysis normally is carried out as a 
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dynamic experiment with a constant and continuous heating rate.  Such 
experimentation is not able to determine phase changes, occurring at close 
temperature intervals.  New thermoanalytical techniques, which can separate thermal 
processes, have been developed. (7, 9, 13). Under controlled rate conditions, i.e. at a 
pre-set, low rate of decomposition, sufficient time is provided for slow heat and mass 
transfer processes to occur. With this technique, some "hidden" reactions, and 
transformations can be observed, which are not normally seen with linear-even slow-
heating. The method is known as constant rate thermal analysis (CRTA) and depends 
on the rate of mass loss, such that no heating occurs when the phase change occurs.  
Such thermoanalytical experiments are known as isothermal TGA or quasi-isothermal 
TGA.  The technique of CRTA thermal analysis enables the separation of the 
adsorbed from the intercalated kaolinite.  This is achieved through stopping the 
experiment between the desorption step and the deintercalation step.  
Thermoanalytical studies showed that the removal of intercalated hydrazine-hydrate 
below 150°C is a complex process and that the liberation of both hydrazine and water 
from the complex takes place in two overlapping stages (12). The complexity of the 
thermal decomposition patterns and the subtleties of the vibrational spectroscopic 
(FT-IR and Raman spectrometric) data require a detailed study of this thermal 
decomposition mechanism.  The thermal decomposition curves (TG) of hydrazine-
intercalated  kaolinite recorded under controlled rate heating conditions are shown in 
Figure 1.   
 
 Figure 1a shows that mass loss takes place in a linear fashion once the 
constant, pre-set rate of 0.15 mg min-1 has been reached at approx. 45°C after some 
50 minutes. With the constant-rate evolution of the intercalating reagent the 
temperature remains fairly constant for some 150 minutes. After that a slight increase 
in temperature can be observed and by the time the maximum measuring range of the 
instrument (100 mg) has been reached, the temperature spontaneously increased to 55 
°C.  On prolonged heating the temperature increased to 61°C, then a spontaneous 
decrease of the decomposition rate was observed at 69°C. With further heating a 
decomposition stage at 77°C and an another one at 113°C was observed. At approx. 
140°C the complex is completely decomposed.  TG-MS results also showed that 
water and hydrazine are lost simultaneously. 
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The thermoanalytical curves of the intercalate dried in flowing nitrogen for 2 
hours before heating are given in Figure 1b. In this case, the sample had a “powdery” 
appearance and a better resolution of the overlapping decomposition processes could 
be achieved. In addition to the two types of bonded reagent lost at 77 and 115°C 
corresponding to 0.12 mol hydrazine-hydrate/mol inner surface OH and 0.31 mol 
hydrazine/inner surface OH respectively, another mass loss stage of a less strongly 
bonded reagent can be identified in the DTG curve at 59°C. The amount of the 
intercalation reagent lost in this step (between 51 and 68°) is 0.20 mol hydrazine-
hydrate/mol inner surface OH. It means that three types of bonded hydrazine can 
be identified in a completely expanded kaolinite structure. There are two different 
explanations for having bonded reagents of different strengths in the complex. Since 
the inner surface OH groups completely loose their Raman activity upon forming 
hydrogen bonds with hydrazine molecules and in the infrared spectrum only one 
hydrogen-bonded OH band appears at 3628 cm-1, a uniform structure can be supposed 
at room temperature. 
 
Figure 1c shows the result of the CRTA analysis of intercalate after drying in a 
“soft” vacuum (approx. 0.1 bar) for 30 minutes. Under these conditions of sample 
preparation the presence of type 1 bonded reagent cannot be observed (this band is 
completely overlapped with that of loosely bonded hydrazine-hydrate). The amount of 
the bonded reagent is 0.14 mol hydrazine-hydrate/mol inner surface OH (type 2) as 
well as 0.29 mol hydrazine/mol inner surface OH. When the same experiment was 
repeated after drying in a “strong” vacuum (approx. 0.01 bar) for 30 minutes, a 
different decomposition pattern was obtained (Figure 1d). The pre-set decomposition 
rate was reached in the second step of decomposition only (at 113°C). In this step the 
amount of bonded reagent was 0.32 mol hydrazine/mol inner surface OH. It means 
that under a stronger vacuum not only the loosely bonded, but also part of the 
hydrogen-bonded reagent is lost, with the exception of type 3 reagent the quantity of 
which is independent of the conditions of drying. 
 
With the use of controlled-rate thermal analysis, the presence of three different 
types of hydrogen-bonded reagent can be identified –and distinguished from the 
loosely bonded (adsorbed) part- in a kaolinite structure fully expanded by hydrazine-
hydrate. Type 1 hydrazine (some 0.20 mol hydrazine-hydrate/mol inner surface OH) 
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is liberated between approx. 50 and 70°C. Type 2 hydrazine is lost between approx. 
70 and 85°C, corresponding to a quantity of 0.12-0.15 mol hydrazine-hydrate/mol 
inner surface OH. Type 3 hydrazine is lost in the 85-130°C range. The quantity of this 
reagent is fairly constant (0.29-0.32 mol hydrazine/mol inner surface OH), 
independently of the conditions of sample preparation (drying). 
 
X-ray diffraction 
 
The thermal behaviour of the kaolinite fully expanded by hydrazine-hydrate 
(as evidenced by X-ray diffraction measurements) can be interpreted as follows. 
Adsorbed, surface-bonded hydrazine-hydrate is lost in an isothermal, equilibrium 
process through evaporation at the beginning of the thermolysis process. The 
liberation of the hydrazine-hydrate was continued in a quasi-isothermal, equilibrium 
step until 69°C. This part of the adsorbed reagent is connected a bit more strongly to 
the clay, most likely to the inner surfaces of the fully expanded mineral. Weakly 
bonded hydrazine can be connected to the siloxane layer through the hydrogen atoms, 
can be present as a space filler or can be inserted into the ditrigonal cavity of the 
siloxane layer (11, 13). The mass loss stages between 69 and 91°C as well as between 
91 and 140°C belong to strongly bonded hydrazine lost in equilibrium, but non-
isothermal processes. These intercalated hydrazine molecules form hydrogen bonds 
with the inner surface OH groups. 
 
In a parallel experiment heating was stopped at 70°C and the quenched sample 
was immediately subjected to XRD analysis (Figure 2). The XRD pattern of the 
partially heated complex showed two reflections with interplanar basal distance of 
10.3 Å and 9.6Å. When the sample was exposed to room air for some 15 hours, the 
9.6 Å reflection almost disappeared and the complex re-expanded to the original d-
value of 10.3Å. This phenomenon can be explained by the uptake of water. 
Considering the results of Johnston and Stone with the intercalation of water-free 
hydrazine resulting in an expansion of kaolinite to 9.6 Å (6), the following conclusion 
can be drawn. When hydrazine-hydrate is intercalated, kaolinite expands to 10.3 Å. 
When the clay reacts with pure hydrazine (without water), an expansion of the 
kaolinite to 9.3 Å occurs. Knowing the amount of dehydroxylation water and 
supposing that the inner hydroxyls are not accessed by the intercalating reagent, the 
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amount of bonded reagent is 0.09 mol hydrazine-hydrate/mol inner surface OH (77°C 
step) and 0.32 mol hydrazine/mol inner surface OH (113°C step).  The occurrence of 
the 9.6Å band in the partially decomposed complex is due to the presence of 
hydrazine hydrogen-bonded directly to the inner surface OH groups. The presence of 
the 10.3Å reflection is explained by the connection of hydrazine molecules to the OH 
groups through water (i.e. in the form of hydrazine-hydrate).  
 
 
DRIFT Spectroscopy of the hydroxyl-stretching region 
 
 The DRIFT spectra of the NH and OH stretching region of hydrazine-
intercalated kaolinite are shown in Figure 3 and the band component analyses 
reported in Table 1.  The figure shows a comparison of the spectra from (a) 
hydrazine-intercalated kaolinite treated with dry nitrogen  for 1 hour (b) CRTA 
treated hydrazine-intercalated kaolinite at 51°C (c) CRTA treated hydrazine-
intercalated kaolinite at 70°C (d) CRTA treated hydrazine-intercalated kaolinite at 
85°C.  The DRIFT spectra of untreated kaolinite displays four bands in the hydroxyl-
stretching region at 3695 (ν1), 3668 (ν2) 3652 (ν3) and 3619 (ν5) cm-1. In addition, a 
band may be resolved at 3684 (ν4) cm-1 for the low defect kaolinite.  Upon 
intercalation of the low defect kaolinite with hydrazine, the ν1 band is diminished in 
intensity and the ν4 and ν2 modes are not observed in spectra a to c.  In spectrum d, the 
ν2 band is observed.  The significance of this observation means that the cooperative 
in-phase and out-of-phase vibrations of the hydroxyl stretching modes is no longer 
present. In addition a new band at 3626 cm-1 attributed to the inner surface hydroxyls 
of kaolinite hydrogen bonded to the hydrazine is observed.  Further for the spectra a 
to c, a band at 3604 cm-1 is observed.  This band is ascribed to the hydroxyl stretching 
of interlayer water.   
 
 The band at 3695 cm-1 is of low intensity and represents the inner surface 
hydroxyls, which are not hydrogen bonded to the hydrazine.  The band centred on 
3657 cm-1 is broad.  The band at 3626 cm-1 has a band width of 11.9 cm-1 when the 
hydrazine-intercalated kaolinite is treated under dry nitrogen.  The CRTA treatment of 
the hydrazine-intercalated kaolinite at both 51 and 70°C causes the band to be 
narrower with a bandwidth of 9.3 cm-1.  Heating the sample with CRTA treatment at 
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85°C also causes a broadening of the band to 11.9 cm-1.  This means that the CRTA 
treatment of the hydrazine-intercalated kaolinite is the equivalent of placing the 
sample under dry nitrogen for 1 hour.   
 
DRIFT Spectroscopy of the amine-stretching region 
 
 The NH and OH stretching region of hydrazine and water are shown in Figure 
3 and the results of the band component analyses shown in Table 2.  Two sharp bands 
are observed in the spectra of b and c at 3514 and 3481 cm-1 which are absent in 
spectra a and d.  These bands are absent when the hydrazine-intercalated kaolinite is 
either CRTA treated at 85°C or exposed to dry nitrogen for 1 hour.  These two bands 
are assigned to the hydroxyl stretching vibrations of water molecules involved in the 
hydrazine-intercalation complex.  When the hydrazine-intercalated complex is CRTA 
treated at 70°C, the hydrazine intercalation complex collapses to the 9.6Å phase.  In 
the DRIFT spectra of this complex two additional bands are observed at 2885 and 
2921 cm-1.  These bands are assigned to N-H vibrations of hydrazine involved in 
strong hydrogen bonding with the kaolinite surface.  These bands are not observed in 
the CRTA treated hydrazine-intercalated complex at 85°C.  Some low intensity broad 
bands are observed in about these positions for the nitrogen dried hydrazine-
intercalated complex.   
 
 Johnston et al. observed a broad band centred at 2975 cm-1, which is shifted by 
some 275 cm-1 from the normal N-H symmetric stretching wavenumber of liquid 
hydrazine (10).  An important point raised by these authors was that this shift resulted 
from very strong hydrogen bonding between hydrazine molecules.  In the spectra a to 
c, we also observe a broad band at 2976cm-1 for the dry nitrogen treated hydrazine-
intercalated kaolinite and at 2959 and 2957 cm-1 for the 51 and 70°C CRTA treated 
hydrazine-intercalated kaolinites.  The band is of low intensity and is not observed for 
the 85°C treated hydrazine-intercalated kaolinite.  Thus the results reported in this 
paper are in harmony with the results of Johnston et al.   These workers suggest that 
upon partial collapse of the hydrazine-intercalation complex to 9.5Å, that the broad 
band at 2975 cm-1 is no longer observed but is replaced by a band at 3270 cm-1.  We 
also observe a broad band at 3270 cm-1 for the dry nitrogen treated hydrazine-
intercalation complex.  The band appears to shift to lower wavenumbers upon CRTA 
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treatment and is observed at 3244, 3266 and 3260 cm-1.  However we observe this 
broad band for all the CRTA treated intercalation complexes.  The 70°C CRTA 
treated hydrazine intercalated complex results in the collapse of the complex to 9.6Å, 
and at the same time two new bands are observed at 2885 and 2921 cm-1.  These two 
bands are assigned to the NH vibrations of very strongly hydrogen bonded hydrazine 
molecules.  Such increased hydrogen bonding strength would be brought about 
through the reduction in interlamellar space by 0.80Å.  
 
 Two bands are observed at 3362 and 3356 cm-1 and are attributed to the 
antisymmetric NH stretching vibrations.  The observation of two bands means that 
two different types of NH2 units are observed.  The slight differences in wavenumbers 
means that the two NH2 units are involved with slightly different hydrogen bond 
strengths.  Several models are possible: one likely model is that one NH2 unit 
hydrogen bonds to the oxygen of the siloxane layer through the hydrogen and the 
second NH2 unit bonds to the inner surface hydroxyls of the kaolinite through the lone 
pair of electrons on the nitrogen.  If the assumption is made that the 3362 cm-1 band is 
due to weaker hydrogen bonding, then this may be attributed to the bonding between 
the lone pair of electrons on the nitrogen to the inner surface hydroxyl.  
 
It is noteworthy to study the variation in relative intensity of these two bands.  
For the dry nitrogen treated hydrazine-intercalated kaolinite the ratio of intensities of 
the 3362 to 3356 cm-1 bands is 2:3.  In other words there is about equal amounts of 
bonding between the siloxane and hydroxyl surfaces of the kaolinite.  When the 
hydrazine intercalated kaolinite is CRTA treated at 50°C, the ratio of the two bands is 
now 1:5.  Thus under these conditions, the hydrazine is preferentially bonding to the 
siloxane surface.  Upon CRTA treatment at 70°C, the ratio becomes 2:1.  Hence the 
hydrazine is forced to hydrogen bond to the hydroxyl surface.  This is likely when the 
hydrazine-intercalation complex collapses to the 9.6Å phase.  Upon CRTA treatment 
at 85°C, the ratio becomes 2:3, the same as for the dry nitrogen treated hydrazine-
intercalated kaolinite.   
 
Johnston et al also reported two bands at 3368 and 3363 cm-1 for the 10.3Å 
phase of hydrazine-intercalated kaolinite and that these two bands coalesced into a 
single band at 3363 cm-1 for the 9.5Å phase  (6, 10). In this work we find two bands at 
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3356 and 3362 cm-1, which are present for both the 10.3 and 9.5Å phases.  These two 
bands are assigned to two different NH2 units and it has been proposed that one NH2 
unit bonds to the siloxane layer and the second to the hydroxyl layer.  The intensity of 
the two bands varies according to the conditions and treatment of the hydrazine-
intercalation complex.  In addition for the 9.5Å phase we find two additional bands at 
2885 and 2921 cm-1.  In previous work, we therefore proposed a model based on the 
formation of [NH2-NH3]
+
[OH]
-
 units as hydrazine functions as a weak monoacid base 
forming a monohydrate. The interaction of the hydrazine complex occurs between the 
negative charge on the OH group and the inner-surface hydroxyls.  This suggests that 
the band occurs at 3626 cm-1 because the interaction of the [NH2-NH3]
+
[OH]
-
 unit 
and the inner-surface hydroxyls of the kaolinite is weak.  A second interaction can 
occur between the hydrogen atoms of the hydrazine and the siloxane layer. Whereas 
the hydrated part of the hydrazine molecule bonds to the inner-surface hydroxyls, the 
opposing end of the molecule bounds to the siloxane surface between the amine 
hydrogen atoms and the oxygen atoms of the siloxane surface. Water is essential to 
the intercalation of the kaolinite and is intimately involved in the intercalation 
process.  Based on this model, there are two types of NH groups and hence, two sets 
of bands are observed in the DRIFT spectra. 
 
DRIFT Spectroscopy of the hydroxyl-deformation region 
 
 Not only is the hydroxyl-stretching region sensitive to the modification of the 
kaolinite surface through bonding with hydrazine, but the hydroxyl-deformation 
region centre around 914 cm-1 is also sensitive to this bonding.  Figure 4 displays the 
DRIFT spectra for the suite of hydrazine-intercalated kaolinites treated under a range 
of conditions.  The results of the band component analyses are reported in Table 3.  
Untreated kaolinite displays two infrared bands at 930 and 914 cm-1, which are 
attributed to the hydroxyl deformation modes of the inner surface hydroxyls and the 
inner hydroxyls.  Upon intercalation with hydrazine, two bands are observed at 895 
and 914 cm-1.  These bands are assigned to the inner surface hydroxyls hydrogen 
bonded to the hydrazine and to the inner hydroxyls.  No intensity was observed in the 
930 cm-1 position.   This loss of intensity is in harmony with the loss of intensity of 
the inner surface hydroxyl stretching modes.  Johnston et al. report hydroxyl 
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deformation vibrations at 904 and 913 cm-1 and assigned these bands to perturbed 
inner surface hydroxyls hydrogen bonded to the hydrazine and to a shifted inner 
hydroxyl vibration (10). The inelastic neutron scattering data of these workers showed 
three components at 895, 918 and 945 cm-1  (10). The observation of the first two INS 
modes is in harmony with the DRIFT results reported in this paper.   
 
 It is interesting to compare the relative intensities of the two bands at 914 and 
895 cm-1.  If the relative intensity of the band at 914 cm-1 is normalised to unity then 
the relative intensity ratio of the 895 to 914 cm-1 bands becomes 1.44, 0.285, 0.173 
and 0.35 for the four hydrazine intercalation systems studied in this research.  For the 
85°C CRTA treated hydrazine intercalated kaolinite, some intensity in the 930 cm-1 
band is observed.  Fundamentally the relative intensity of the 895 cm-1 band decreases 
with increasing CRTA treatment temperature.  The ratio is 1.44 for the dry nitrogen 
treated hydrazine-intercalated kaolinite.  This value decreases to 0.285 for the 51°C 
CRTA treated hydrazine intercalated kaolinite and to 0.173 for the 70°C CRTA 
treated sample.  These results imply that the maximum degree of bonding between the 
hydrazine and the inner surface hydroxyls occurs for the dry-nitrogen treated sample.  
The results are in harmony with the conclusions reached from the NH stretching 
vibrations at 3356 and 3362 cm-1.  It was concluded that by CRTA treatment of the 
hydrazine intercalated kaolinites at 50 and 70°C that increased bonding of the 
hydrazine to the siloxane surface was observed.  A low intensity band is observed at 
around 954 cm-1.  This band is attributed to a out-of-plane HNH wag.  A band was 
observed in this position in the INS spectra (10). 
 
 Figure 4 also shows the SiO stretching region and also the N-N stretching 
region.  The N-N stretching symmetric stretching band is found at 1126 cm-1 in the 
infrared spectrum of solid hydrazine, 1098 cm-1 for liquid hydrazine and at 1112 cm-1 
in the Raman spectrum of liquid hydrazine.  This band is observed at 1126 cm-1 for 
the hydrazine intercalated kaolinites and is asymmetric on the high wavenumber side.  
Two bands may be resolved at 1124 and 1034 cm-1 with bandwidths of 8.9 and 16.4 
cm-1 respectively. The observation of two N-N vibrations implies that two different 
types of hydrazine molecules are present in the intercalation complex.  A number of 
models are envisaged: (a) hydrazine molecule bonded to the siloxane surface and a 
second molecule bonded to the hydroxyl surface with one end of the hydrazine 
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molecules free from bonding to a surface (b) hydrazine molecule bonded to both 
surfaces through the two NH2 units and a second hydrazine bonded to the 
intercalating hydrazine molecule (c) hydrazine interacting with the kaolinite surface 
through a water molecule and a hydrazine molecule interacting without water. 
 
 For the dry nitrogen treated hydrazine intercalated kaolinite, the relative 
intensity of the two bands at 1124 and 1134 cm-1 is 4:1.  When the hydrazine-
intercalated kaolinite is CRTA treated at 85°C, the ratio is 7:1.   Thus in harmony 
with other results, the treatment with dry nitrogen is similar to that of the CRTA 
treatment at 85°C.  The ratio for the 51°C and 70°C CRTA treated hydrazine-
intercalated kaolinites are 3:2.  These two intercalation systems have predominantly 
different phases namely the 10.3Å phase for the 51°C CRTA system and 9.5Å for the 
70°C system.  It is concluded that the N-N symmetric stretching vibration does not 
appear to be influenced by the interlamellar spacing.  Johnston et al also reported a 
band at 1125 and 1124 cm-1 for the N-N symmetric stretching mode of the 10.3 and 
9.5Å phases (10). Thus our data is in harmony with that reported by Johnston and co-
workers except that in this work we find two overlapping bands.  The significance of 
these two bands means that two different NH2 units are present in the hydrazine. 
 
DRIFT spectroscopy of the 1250 to 1950 cm-1 region. 
 
 The 1250 to 1950 cm-1 region of the DRIFT spectra of hydrazine-intercalated 
kaolinites is significant as this region contains the NH2 twist and scissor modes 
together with the water deformation modes.  One of the problems is that the 
vibrational modes overlap and this makes the exact assignment of bands around 1630 
cm-1 difficult.  Figure 5 displays the spectra for the four hydrazine-intercalated 
systems in this region and the results of the band component analysis are reported in 
Table 4.  The spectra are complex and whilst there may be different ways to band-fit 
the spectra, we have fitted all four sets of spectra with the same band-fitting 
parameters.  This makes for consistency and enables the attribution of the bands in 
this region feasible. Two bands with narrow bandwidths are found at 1628 and 1613 
cm-1.  The bands are observed at 1608 and 1606 for liquid hydrazine and at 1655 and 
1603 for solid hydrazine. For the dry nitrogen treated hydrazine intercalated kaolinite, 
the bandwidths are 11.0 and 15.9 cm-1.  These widths are 11.0 and 12.5 cm-1 for the 
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51°C CRTA treated sample.  These two bands are attributed to the antisymmetric and 
symmetric HNH scissor modes of the NH2 units.  For the 70°C CRTA treated sample, 
which is predominantly the 9.5Å phase, the two bands have bandwidths of 15.9 and 
12.5 cm-1.  Johnston et al.  reported that this mode was found at 1616 cm-1 for the 
10.3Å phase and at 1613 cm-1 for the 9.5Å phase.  We find two bands at 1628 and 
1613 cm-1 for both the 10.3Å and 9.5Å phases.  The relative intensities of these two 
bands appear to change dependent upon the treatment of the hydrazine-intercalated 
kaolinite.  The ratios of the 1628 to 1612 cm-1 bands for the four systems studied in 
this research are 0.30, 0.52, 1.28 and 1.16.  The significance of these values is that 
there is less of the symmetric vibration with increased thermal treatment.   
 
 In the infrared spectrum of solid hydrazine, two bands are found at 1350 and 
1305 cm-1 and ascribed to the antisymmetric and symmetric twisting modes of the 
NH2 units.  In this work we find a band at 1354 cm-1 for all the systems and a low 
intensity band at 1314 cm-1 for the dry nitrogen treated hydrazine intercalated 
kaolinite and for the 70°C CRTA treated complex.   Johnston et al report a band at 
1305 cm-1 for the 10.3Å phase and a band at 1276 cm-1 for the 9.5Å phase.  In this 
work we find a band at 1276 cm-1 in all the spectra for all the hydrazine intercalated 
kaolinites whether for the 10.3Å or 9.5Å phase.  The 1276 cm-1 band has a bandwidth 
of 13.8 cm-1 for all the system.  The intensity of the band does vary among the 
different systems.   
 
 Bands are also observed at around 1596, 1620 and 1644 cm-1.  These 
bands may be attributed to the presence of water in the intercalate. The band centred 
on 1596 cm-1 is broad and corresponds to the wavenumber of non-hydrogen bonded 
water molecules.  Matrix isolated hydrazine molecules also have a band in this 
position.  However with the kaolinite fully intercalated with hydrazine molecules, it is 
unlikely that isolated hydrazine molecules exist in this system.  A broad band in this 
position may also be observed in the spectra reported by Johnston et al. (10).    An 
additional band is observed at 3206 cm-1, relating to strongly bonded or coordinated 
H2O.  Thus the 3206 cm-1 band is attributed to the OH bonds of the H2O, which are 
hydrogen bonded to the hydrazine in the intercalated complex.  In the dry nitrogen 
and 51°C CRTA heated bands are observed at 1641 and 1681 cm-1.  These bands are 
attributed to the hydroxyl deformation modes of the water, which is strongly bonded 
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to the hydrazine.  A strong hydroxyl deformation mode of water is observed at 1592 
cm-1.  This band corresponds to the position of non-hydrogen bonded water. Thus this 
band corresponds with the hydroxyl stretching vibration at 3605 cm-1.   
 
 
Conclusions: 
 
Controlled rate thermal analysis allows the separation of adsorbed and 
intercalated hydrazine. CRTA displays the presence of three different types of 
hydrogen-bonded hydrazine in the intercalation complex (a) adsorbed loosely bonded 
in the kaolinite structure fully expanded by hydrazine-hydrate. The first type of 
adsorbed hydrazine (some 0.20 mol hydrazine-hydrate/mol inner surface OH) is 
liberated between approx. 50 and 70°C. (b) The second type hydrazine is lost between 
approx. 70 and 85°C, corresponding to a quantity of 0.12-0.15 mol hydrazine-
hydrate/mol inner surface OH. (c) The third type of hydrazine molecule is lost in the 
85-130°C range. The quantity of this reagent is fairly constant (0.29-0.32 mol 
hydrazine/mol inner surface OH), independently of the conditions of sample 
preparation (drying).  CRTA at 70 °C enables the removal of some hydrazine-water 
and results in the partial collapse of the hydrazine-intercalated kaolinite structure.  
The occurrence of the 9.6Å band in the partially decomposed complex is due to the 
presence of hydrazine hydrogen-bonded directly to the inner surface OH groups. The 
presence of the 10.3Å reflection is explained by the connection of hydrazine 
molecules to the OH groups through water (i.e. in the form of hydrazine-hydrate).  
 
 The effects of various CRTA treatments on the hydrazine-intercalation 
complex can be followed by the changes in the spectra of the hydroxyl stretching 
region of kaolinite or through the changes in the vibrational modes of the inserting 
hydrazine and water molecules.  The change in the quantity of loosely bonded 
(surface bonded) hydrazine-hydrate cannot be seen in the FT-IR spectra of the OH 
stretching range. In contrast, the liberation of the strongly bonded (hydrogen-bonded) 
reagent can be followed by changes in intensity of the OH stretching bands.  In 
particular the intense band observed at 3628 cm-1 is attributed to the hydrogen 
bonding of the inner surface hydroxyls to the hydrazine.  CRTA treatment at 85°C or 
through the application of dry nitrogen results in the removal of water from the 
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intercalation system, resulting in a water free hydrazine-intercalation complex. 
Concomitantly increases in the inner surface hydroxyls at 3695 cm-1 are observed. 
 
 DRIFT spectroscopy of the hydrazine molecule shows two types of N-N 
stretching vibrations and two types of NH2 stretching vibrations, thus indicating two 
types of hydrazine molecules in the intercalation complex.  One model depends upon 
whether the hydrazine bonds to the siloxane or hydroxyl surfaces.  Even after 85°C 
CRTA treatment these two types of hydrazine are present.  After CRTA treatment at 
70°C, and following the removal of water from the intercalation complex, the 
intercalation complex collapses to 9.5Å.  Then an additional set of bands at 2885 and 
2921 cm-1 assigned to N-H vibrations of hydrazine involved in strong hydrogen 
bonding with one of the kaolinite surfaces.  One possible model is that in the reduced 
interlamellar space, the hydrazine is forced to penetrate the ditrigonal cavity of the 
siloxane layer.  This then brings about strong hydrogen bonding between the 
hydrazine and the siloxane surface.   
 
 Importantly the combination of CRTA technology combined with X-ray 
diffraction and DRIFT spectroscopy has enabled the separation of adsorbed 
hydrazine-hydrate, weakly intercalated hydrazine-hydrate and strongly intercalated 
hydrazine.  The use of the CRTA technology at 70°C enables the synthesis of the 
hydrazine intercalation complex without the presence of water, resulting in the 
collapse of the structure to the 9.3Å phase.  The intercalation of hydrazine-hydrate 
into kaolinite is complex and result from the different types of surface interactions of 
the hydrazine with the kaolinite surfaces.   
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Deintercalation Time Band Characteristics ν7 ν5 ν6 ν3 ν1 
Hydrazine-intercalated 
kaolinite dried under 
flowing nitrogen 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
3604 
75.0 
2.75 
3619 
11.6 
0.94 
3625 
11.9 
4.27 
3665 
37.7 
0.57 
3694 
20.8 
0.48 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 51°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
3603 
36.8 
1.0 
3619 
11.9 
1.39 
3626 
9.3 
4.78 
3656 
37.7 
1.28 
3696 
20.9 
0.86 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 70°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
3604 
36.8 
1.06 
3619 
12.0 
1.4 
3626 
9.3 
2.8 
3654 
50.1 
1.82 
3694 
21.5 
0.77 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 85°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
 3619 
9.2 
1.03 
3626 
11.9 
4.47 
3657 
14.2 
0.5 
3695 
16.6 
2.56 
 
Table 1. Results of the band component analysis of the DRIFT spectra of the OH-stretching region of CRTA treated hydrazine-
intercalated kaolinite. 
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Deintercalation Time Band 
Characteristics 
ν12 ν11 ν10 ν9 ν8 ν7 ν6 ν5 ν4 ν3 ν2 ν1 
Hydrazine-intercalated 
kaolinite dried under 
flowing nitrogen 
Band position (cm-
1) 
Bandwidth (cm-1) 
% Relative area 
2887 
27.4 
0.1 
 2976 
56.4 
0.23 
3058 
395 
30.7 
3183 
59.2
0.87 
3273 
298 
51.5 
3300 
8.7 
0.10 
3356 
11.7 
0.63 
3362 
7.8 
0.43 
3446 
85.0 
1.13 
 3532 
124.6 
2.23 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 51°C 
Band position (cm-
1) 
Bandwidth (cm-1) 
% Relative area 
2889 
41.6 
0.44 
 2959 
79.8 
0.93 
3036 
193 
9.9 
3178 
48.2 
0.41 
3244 
245 
55.2 
3301 
7.5 
0.12 
3359 
10.4 
2.0 
3363 
5.7 
0.42 
3419 
161 
13.6 
3481 
27.1 
1.5 
3514 
20.8 
0.57 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 70°C 
Band position (cm-
1) 
Bandwidth (cm-1) 
% Relative area 
2885 
43.1 
0.26 
2921 
27.0 
1.4 
2957 
25.4 
0.37 
3037 
403 
26.7 
3185 
50.2 
0.6 
3266 
276 
45.4 
3300 
8.3 
0.07 
3354 
17.2 
0.34 
3360 
10.0 
0.71 
 3481 
18.7 
0.41 
3512 
16.5 
0.16 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 85°C 
Band position (cm-
1) 
Bandwidth (cm-1) 
% Relative area 
2889 
41.5 
0.23 
2958 
77.1 
0.4 
 3055 
363 
21.5 
3190 
66.9 
1.9 
3260 
279 
47.5 
3300 
9.6 
0.13 
3358 
10.1 
0.98 
3362 
6.2 
0.58 
3417 
20.0 
0.06 
 3448 
232 
6.7 
 
Table 2. Results of the band component analysis of the DRIFT spectra of the NH-stretching region of CRTA treated hydrazine-
intercalated kaolinite. 
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Deintercalation Time Band 
Characteristics 
ν9 ν8 ν7 ν6 ν5 ν4 ν3 ν2 ν1 
Hydrazine-intercalated 
kaolinite dried under 
flowing nitrogen 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
895 
20.5 
2.3 
914 
19.6 
1.6 
954 
29.8 
1.6 
1016 
35.9 
20.0 
1059 
30.3 
13.2 
1097 
54.4 
21.1 
1126 
32.4 
8.5 
1163 
33.3 
8.2 
1192 
43.5 
8.2 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 51°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
895 
21.0 
1.2 
914 
15.9 
4.2 
959 
70.9 
2.2 
1024 
30.8 
18.9 
1056 
29.6 
20.3 
1094 
42.5 
25.3 
1126 
36.6 
11.4 
1164 
23.9 
3.4 
1182 
54.8 
9.0 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 70°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
895 
21.0 
0.9 
914 
17.0 
5.2 
954 
28.4 
1.0 
1019 
28.2 
1.0 
1052 
45.1 
35.4 
1099 
40.5 
15.4 
1126 
15.1 
4.7 
1159 
56.5 
18.5 
1198 
33.4 
3.1 
Hydrazine-intercalated 
kaolinite 
CRTA heated to 85°C 
Band position (cm-1) 
Bandwidth (cm-1) 
% Relative area 
895 
23.5 
2.0 
914 
19.5 
5.7 
952 
17.2 
0.4 
1018 
34.2 
11.6 
1057 
37.7 
22.2 
1097 
38.0 
15.4 
1128 
36.2 
12.7 
1164 
32.0 
8.8 
1189 
48.5 
9.9 
 
Table 3. Results of the band component analysis of the DRIFT spectra of the 800 to 1200 cm-1 region of CRTA treated hydrazine-
intercalated kaolinite. 
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Deintercalation 
Time 
Band 
Characteristi
cs 
ν16 ν15 ν14 ν13 ν12 ν11 ν10 ν9 ν8 ν7 ν6 ν5 ν4 ν3 ν2 ν1 
Hydrazine-
intercalated 
kaolinite dried 
under flowing 
nitrogen 
Band position 
(cm-1) 
Bandwidth 
(cm-1) 
% Relative 
area 
1275 
13.8 
1.7 
1314 
16.0 
0.37 
1354 
27.5 
4.3 
1479 
64.2 
11.1 
1546 
18.3 
0.7 
 1589 
58.7 
21.3 
1613 
15.9 
8.7 
1623 
16.0 
1.4 
1628 
11.0 
2.6 
1641 
28.1 
5.3 
1676 
38.2 
5.8 
1793 
42.7 
4.0 
1819 
35.8 
1.4 
1865 
33.0 
6.9 
1890 
42.5 
5.6 
Hydrazine-
intercalated 
kaolinite 
CRTA heated to 
51°C 
Band position 
(cm-1) 
Bandwidth 
(cm-1) 
% Relative 
area 
1275 
13.8 
5.5 
1353 
21.0 
2.9 
1369 
15.4 
0.7 
1491 
49.2 
5.4 
1547 
15.6 
0.6 
1592 
49.4 
10.4 
1596 
21.8 
1.6 
1612 
12.5 
9.1 
1620 
8.4 
1.6 
1628 
11.0 
4.7 
 1681 
38.6 
5.2 
1794 
42.8 
4.9 
1823 
35.9 
2.1 
1866 
33.0 
7.4 
1889 
42.4 
7.5 
Hydrazine-
intercalated 
kaolinite 
CRTA heated to 
70°C 
Band position 
(cm-1) 
Bandwidth 
(cm-1) 
% Relative 
area 
1274 
13.8 
1.2 
1311 
21.7 
0.1 
1355 
27.6 
1.9 
1492 
29.4 
2.4 
1522 
31.8 
4.8 
1572 
64.6 
8.7 
1604 
36.4 
15.7 
1612 
12.5 
3.2 
 1626 
15.9 
4.1 
1644 
35.8 
5.5 
    1674 
38.4 
5.8 
Hydrazine-
intercalated 
kaolinite 
CRTA heated to 
85°C 
Band position 
(cm-1) 
Bandwidth 
(cm-1) 
% Relative 
area 
1275 
13.8 
5.0 
 1354 
19.9 
5.1 
1489 
43.0 
10.0 
1524 
19.7 
2.3 
1593 
38.3 
11.6 
1604 
15.7 
2.3 
1612 
8.6 
7.5 
1620 
18.0 
9.4 
1628 
12.5 
8.7 
 1680 
39.3 
9.0 
1792 
48.4 
10.3 
1822 
29.5 
2.3 
1863 
33.0 
11.3 
1883 
36.8 
4.9 
 
Table 4. Results of the band component analysis of the DRIFT spectra of the 1250 to 1900 cm-1 region of CRTA treated hydrazine-
intercalated kaolinite. 
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List of Figures 
 
Figure 1. Controlled rate thermal analysis of (a) wet hydrazine-intercalated kaolinite 
(b) hydrazine-intercalated kaolinite dried under flowing nitrogen before 
CRTA analysis (c) hydrazine intercalated kaolinite dried under vacuum 
before CRTA analysis (d) hydrazine intercalated kaolinite dried under strong 
vacuum before CRTA analysis. 
 
Figure 2. X-ray diffraction patterns of CRTA treated hydrazine-intercalated kaolinite 
(a) CRTA treated at 51°C (b) under dry nitrogen for 1 hour (c) CRTA 
treated at 70°C. 
 
Figure 3 DRIFT spectra of the hydroxyl stretching and N-H stretching region of 
CRTA treated hydrazine-intercalated kaolinite (a) dry nitrogen (b) CRTA 
treated at 51°C (c) 70°C (d) 85°C and (e) untreated kaolinite. 
 
Figure 4 DRIFT spectra of the 850 to 1250 cm-1 region of CRTA treated hydrazine-
intercalated kaolinite (a) dry nitrogen (b) CRTA treated at 51°C (c) 70°C (d) 
85°C. 
 
Figure 5 DRIFT spectra of the 1250 to 1900 cm-1 region of CRTA treated hydrazine-
intercalated kaolinite (a) dry nitrogen (b) CRTA treated at 51°C (c) 70°C (d) 
85°C. 
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The removal of the hydrazine can be followed by the increase in intensity of the 
hydroxyl-stretching bands.  Two sharp bands at 3514 and 3481 cm-1, which are absent 
when the hydrazine-intercalated kaolinite is either CRTA treated at 85°C or exposed 
to dry nitrogen for 1 hour are observed and are assigned to the hydroxyl stretching 
vibrations of water molecules involved in the hydrazine-intercalation complex.  In the 
DRIFT spectra two additional bands are observed at 2885 and 2921 cm-1 assigned to 
N-H vibrations of hydrazine after CRTA treatment at 70°C involved in strong 
hydrogen bonding with the kaolinite surface and are not observed in the CRTA treated 
hydrazine-intercalated complex at 85°C.  Two NH stretching vibrations at 3362 and 
3356 cm-1 are attributed to two different types of NH2 units in the intercalation 
complex, complimented with the observation of two N-N stretching vibrations at 1124 
and 1034 cm-1.  The 1250 to 1950 cm-1 region is complex containing the NH2 twist 
and scissor modes together with the water deformation modes.   
 
Figure 4 DRIFT spectra of the N-H stretching region of CRTA treated hydrazine-
intercalated kaolinite (a) dry nitrogen (b) CRTA treated at 51°C (c) 70°C (d) 
85°C. 
 
KJ172 
KJ180 
KJ181 
KJ170 
 
 
Figure 6 DRIFT spectra of the 400 to 850 cm-1 region of CRTA treated hydrazine-
intercalated kaolinite (a) dry nitrogen (b) CRTA treated at 51°C (c) 70°C (d) 
85°C. 
 
